A broadband, low-loss, isotropic, high refractive index metamaterial comprising an array of close-packed cubic elements of cross-linked square metal plates is demonstrated in the microwave regime. The structuring of the cubic elements reduces the diamagnetic response exhibited by arrays of solid metal cubes, whilst maintaining the strongly enhanced permittivity arising from capacitative coupling between adjacent metal elements. The corresponding increase in refractive index can be tailored through appropriate structuring of the faces and/or spacing of the cubes. Metamaterials are synthetic engineered electromagnetic composites with tailored values of permittivity and permeability. [1] [2] [3] Whereas naturally occurring materials gain their electromagnetic properties from the interaction of the electric and magnetic fields with their individual atoms or molecules, a metamaterial gains its properties from artificially created subwavelength elements. The design of these "artificial atoms" permits effective permittivity and permeability values not readily found in nature, including such unusual properties as negative refractive indices. [4] [5] [6] [7] However, in order to achieve these properties, the individual elements of the metamaterial are frequently designed to be resonant and are, therefore, inherently narrowband and lossy. The more pragmatic goal of developing materials with structurally designed high positive refractive indices has, in our view, been under-studied, especially when one considers that some optical devices designed under the banner of transformation optics [8] [9] [10] can be designed using precisely such material properties.
Previous work on high refractive index metamaterials has shown that a sub-wavelength array of parallel plate capacitors exhibits a non-resonant (and therefore broadband) enhancement of the effective permittivity, 11, 12 but is simultaneously strongly diamagnetic (0 < l ( 1). Consequently, the refractive index of such systems (n ¼ ffiffi e p ffiffiffi l p ) is not greatly enhanced. The three-dimensional equivalent to the array of parallel plate capacitors is a close-packed array of metallic cubes, and Wood and Pendry 13 demonstrated that the diamagnetic response of such an array is a result of induced current loops that traverse the cubes and oppose the applied field.
In 2009, Shin et al. 14 demonstrated numerically that, by appropriate structuring of the cubic elements, one might limit the area enclosed by the induced surface currents and reduce the diamagnetic response. Since the capacitative coupling between the elements can be maintained, a significant increase of the effective refractive index of the structure can be achieved. Their proposed structure consisted of an array of cubic elements of cross-linked square metal plates. Though the mechanisms proposed have been used to generate a two-dimensional material in the terahertz regime, 15 there has been no demonstration of a three-dimensional structure.
In this work, an experimental demonstration of a broadband, isotropic, high refractive index metamaterial is presented. To characterise the electromagnetic response of the cubic samples experimentally, a stripline method for measuring the permittivity and permeability of metamaterials was developed. Stripline methods for material characterisation were pioneered by Barry in 1986 16 in a paper in which he described the arrangement of a flat central conducting line symmetrically bounded by ground planes in a geometry such that the impedance is maintained at 50 X across the frequency range of interest. The guided wave supported between the signal line and ground planes is transverse electric and magnetic (TEM) in nature and is polarised with the electric field orthogonal to the central conductor surface. Since there is no low frequency cut-off for such a guided wave, it is supported over a broad frequency range. When the stripline is connected to a calibrated vector network analyser (VNA) and a sample of unknown permittivity and permeability is placed symmetrically between the central conductor and ground planes, the complex reflection and transmission amplitude coefficients can be measured. The system can be considered equivalent to the case of electromagnetic radiation normally incident upon a thin slab, where the 50 X lines are "free space" and the material under test is the thin slab of material, and can be described using the well-known thin-layer Fresnel equation. Given the complex reflection and transmission amplitude coefficients, the frequency, and the thickness of the sample, simple algebraic manipulation of Fresnel's equations allows the complex permittivity and permeability of the sample to be determined (this extraction method is commonly known as the Nicholson, Ross, Weir (NRW) method 17, 18 ). Though this basic stripline method is, in general, simple and applicable to a broad range of sample types, there are some specific problems when using it to study metamaterials. First, the thickness of the metamaterial sample must correspond to the gap between the central conductor and the ground planes. Although for most naturally occurring materials, it is trivial to prepare a suitable sample to fit the gap, for metamaterial samples this may not be possible due to the size of the individual elements. Therefore, the gap size must be an integer multiple of the unit cell dimension. This condition, however, has an added benefit: the boundary condition imposed by the metallic boundaries forces the fields on either side of the sample (in the polarisation direction) to be identical-exactly the same condition as is imposed at the boundaries of a unit cell in a periodic sample upon normally incident plane wave illumination. This means that a sample only a single unit cell in height placed within such a stripline will result in the same reflection and transmission properties as for plane wave illumination of a bulk sample.
The second issue with the use of a stripline to measure metamaterial properties arises due to instabilities of the NRW extraction method when the relative impedance (Z ¼ ffiffiffiffiffiffiffiffiffiffi ffi l r =e r p ) of the sample under test is either close to unity or very large. When this is the case, either the reflection or the transmission coefficient is close to zero and experimental uncertainties in the measurements begin to dominate the extracted permittivities and permeabilities. The solid metal cubic structure described above suffers from exactly this problem since the permittivity is expected to be very large (e ) 1) with a simultaneously very small permeability (l ( 1), leading to a large impedance mismatch and a correspondingly small transmission coefficient. In order to show how these limitations of stripline measurements can be overcome, we begin by considering the microwave response of an array of solid metal cubes, before demonstrating that appropriate structuring of such cubes can indeed result in much higher refractive indices.
Sixty copper cubes of side length 4.2 mm were fabricated and 85 lm thick acrylic stickers (e ¼ 2.55 þ 0.001i at 10 GHz) attached on each face to ensure uniform separation (inset Figure 1) . These cubes were arranged into two close packed arrays of 1 Â 5 Â 6 cubes and bound together with a thin band of polyolefin heat shrink (numerical modeling 19 showed that the thin band of polyolefin heat shrink had very little effect on the electromagnetic response of the array).
A stripline with a variable gap and easily interchangeable central conductor was fabricated such that the electromagnetic properties of a material of any height could be determined with only the fabrication of a new central conducting line of appropriate width being required to maintain the line at 50 X (Figure 1 ). The impedance of this stripline was measured using an Anritsu Vectorstar VNA and found to vary between 44 X and 55 X over a frequency range of 10 MHz to 4 GHz. After the electrical length of the stripline was determined by inspection of the phase of the transmission, the stripline was used as the "through" in a SOLT (short, open, load, through) calibration. The two arrays of cubes were subsequently placed in the gaps above and below the central conductor in the middle of the length of stripline oriented such that, along the wave propagation direction, the sample was 6 cubes long. The complex reflection and transmission coefficients were measured for radiation propagating through the sample in both directions and averaged in order to account for any misalignment of the sample. The phases of the amplitude coefficients obtained in this way are relative to the ends of the coaxial cables from the VNA, requiring the phase of the measured amplitude coefficients to be de-embedded to the face of the sample by multiplying the amplitude coefficients by e 2k 0 l where k 0 is the free space wavevector and l is the electrical distance from the input/output ports to the face of the sample (l ¼ ðelectrical length À dÞ=2, where d is the length of the sample in the propagation direction).
The thin slab of material can be assumed to be a homogeneous material when the optical wavelength in the material is much greater than the size and spacing of the individual elements (in other words, we are truly in the metamaterial regime). Whilst one might expect the effective permittivity and permeability to be non-dispersive (since the materials of which they are fabricated are non-dispersive and the structure is far from resonance), when the electromagnetic wavelength within the metamaterial approaches the periodicity of the elements this will not be the case. Indeed, when the spacing is equal to a half of the electromagnetic wavelength in the metamaterial, a band gap will be evident, making it very clear that we have strayed from the metamaterial regime into that of diffractive optics. 2 It is simple to determine the range of validity of the non-dispersive assumption by inspection of the reflected and transmitted intensities as a function of frequency. This is shown in Figure 2 , along with the results of a finite element method (FEM) numerical model 19 of the structure. The obvious discrepancy between the experimental and modeled data above approximately 4-5 GHz is due to the stripline no longer being impedance matched at these higher frequencies. The slab of metamaterial forms a cavity that exhibits Fabry-Perot-like (standing wave) resonances due to interference between reflections from the front and back faces, which are manifested as reflection minima and transmission maxima. For a slab formed from a non-dispersive homogeneous medium, these resonant features would be equally spaced in frequency, and any deviation from this demonstrates that the material is dispersive. It can be seen from the inset of Figure 2 that the first and second order resonances are equally spaced and the material can thus be considered as homogeneous and non-dispersive up to approximately 5 GHz. This is beyond the range of specification for the stripline (10 MHz to 4 GHz, dictated by geometrical dimensions and manufacturing tolerances).
As discussed previously, the NRW algorithm for determining the effective permittivity and effective permeability from the reflection and transmission complex amplitude coefficients is unsuitable for samples such as those studied here. Since we have already established that the permittivity and permeability are non-dispersive over the frequency range of interest, rather than trying to obtain the permittivity and permeability for each individual frequency (as in the NRW method), we are able to use the data for all frequencies simultaneously. This overcomes many of the limitations of the NRW method. Here, we have fitted the real and imaginary parts of the reflection and transmission amplitude coefficients to a three layer Fresnel model using the fmincon routine in MATLAB. 20 The sum-of-squares difference between the Fresnel model and experimental data was used as the objective function with the only fitting variables being the real and imaginary parts of the permittivity and permeability (this method is similar to that employed by Abbas et al. 21 ). The resulting values were e ¼ 49.5 þ 1.5i and l ¼ 0.10 þ 0i, and the corresponding comparison of the experimental and modeled (Fresnel) complex amplitude coefficients are shown in Figure 2 . The large reduction in the permeability due to the induced currents around the cubes is clearly evident and limits the refractive index to n ¼ 2.25 þ 0.04i.
We now turn our attention to an array of modified cubes. Following the suggestion of Shin et al., 14 if each cube is replaced by an element consisting of six metal plates connected by 3 orthogonal metal wires intersecting at the center of the unit-cell (see inset Figure 1 ) the diamagnetic response can be significantly reduced whilst maintaining the strong capacitive response. Therefore, a metamaterial consisting of a regular array of such elements would be expected to exhibit a higher refractive index than the solid metal cube structure.
Such structured elements were fabricated using an additive-layer rapid-prototyping technique (Projet TM HD 3000, 3D Systems Corporation, Rock Hill, USA), with each element subsequently coated with nano-crystalline copper (Morganic Metal Solutions, Farnham, UK), see inset Figure 1 . Each structured cube had a side length of 4.2 mm (the same as the solid cubes), with each square metallic face being 2.8 mm long. The faces of each element had a square acrylic patch adhered to them so that when arranged into an ordered array they were uniformly separated. Two 1 Â 5 Â 6 arrays of such elements were formed in the same way as for the solid cube sample and the same measurement and analysis method employed. The measured frequency dependent reflected and transmitted intensity, along with the corresponding FEM model, is shown in Figure 3 . There are two important points to note when comparing this data to that for the solid cube sample. First, the low frequency edge of the band gap due to the periodicity is evident at approximately 4.8 GHz. It is clear, therefore, that the frequency range over which the permittivity and permeability can be considered as non-dispersive is significantly reduced compared to the solid cube metamaterial. By doubling the number of elements in the direction of propagation in the FEM modeling (doubling the thickness of the slab of material), the difference in frequency between successive resonances is reduced, demonstrating that the frequency range over which the non-dispersive assumption is valid is approximately 2 GHz (inset Figure 3) . Second, the difference between the measured and FEM modeled data becomes greater as the frequency approaches the lower edge of the band gap. This is due to a small difference in the spacing between elements in the propagation direction and in the direction parallel to the electric field. This anisotropy arises due to a slight compression of the sample within the stripline. This compression is required to ensure that any air gaps between the elements and the ground planes (which would significantly affect the effective permittivity of the structure) are minimised.
The comparison between the measured amplitude coefficients and the results from the Fresnel fitting is shown in . The permittivity and permeability obtained for the structured cube sample were e ¼ 26.0 þ 0.29i and l ¼ 0.56 þ 0.01i, corresponding to a refractive index of n ¼ 3.91 þ 0.07i. A comparison of the permittivity and permeability of the solid cubes with that of the structured cubes shows a reduction in the real part of the permittivity from nearly 50 to only 26. Since the permittivity is predominantly due to the capacitative coupling between individual elements, it is highly sensitive to both the spacing between the elements and the size of the plates. Here, due to fabrication limitations, the plate size of the structured cubes is smaller than that of the solid cubes (2.8 mm compared to 4.2 mm) and the permittivity is correspondingly reduced. Even though the permittivity of the structured cube sample is approximately half that of the solid cube sample, the refractive index is still nearly doubled due to the almost 6-fold increase in the permeability. This confirms the assertion by Shin et al. that the structuring of the cubic elements has reduced the diamagnetic response by limiting the area enclosed by the induced surface currents. In principle, the refractive index of a metamaterial formed from an array of appropriately structured cubes can be very high if the cubes can be arranged such that the gap between elements is very small, or through the inclusion of a higher refractive index material between the faces of the elements. FEM modeling has shown effective permittivities of several hundred are possible, corresponding to refractive indices of the order 20-30, but higher refractive indices could likely be achieved (these values are restricted by the modeling method, not the structures themselves). This work paves the way for further development of broadband metamaterials having structurally designed electromagnetic properties and extends the palette of materials available for devices requiring spatially engineered refractive index profiles such as those prescribed by the developing field of transformation optics. 
